Ozone-treated cells of the photosynthetic green alga ChloreUa sorokiniana var. pacificensis exhibit an exponential decline in viability, as measured by their ability to form colonies on agar plates. Postexposure conditions appear to have little, if any, effect on this rate of decline. Except in young (early exponential phase) cells, culture age did not affect this rate. The decline in cell viability was correlated with the production of malondialdehyde, arising from the oxidative breakdown of an ozonide of unsaturated fatty acid material. The loss of fatty acids is substantiated by gas-liquid chromatography. A loss of 5 X 10`5 moles of fatty acid per cell corresponds to 75% nonviable cells after 50 minutes of ozone exposure.
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Ozone phytotoxicity in green plants has been studied using a variety of investigative systems (7, 13) . Research has attempted both to correlate biochemical observations with morphological changes and to impart some temporal order to observed metabolic alterations.
Work with single cell systems such as red blood cells (10) , yeast (9) , and E. coli (17) has demonstrated oxidative damage to the cell plasmalemma, manifested as permeability changes before intracellular effects are noted. In several instances, lipid oxidation products have been observed upon ozone fumigation (14, 23) and consequently this reaction has been studied as a likely mechanism of ozone toxicity.
Since the products of lipid oxidation are evolved by an attack of ozone on the carbon-carbon double bonds of unsaturated fatty acid material, several investigators (14, 19, 23) have looked for ozone-induced changes in tissue fatty acid composition, but have found only slight changes. In addition, the reaction of malondialdehyde, a lipid breakdown product, with 2-thiobarbituric acid has been used as a positive test for the occurrence of lipid oxidation. Both ozone-treated higher plants and single cell systems manifest changes in cell permeability (7, 9) , but whether this is due to a lipid oxidative reaction and is an initial event or merely a symptom of prior injury are unresolved questions.
This paper describes the use of a unicellular green alga as an investigative system in which to study these questions. This organism can We will show that Chlorella cells, like other unicellular organisms, exhibit a decrease in survival over a period of time when exposed to constant ozone concentrations (9, 17) . Moreover, our work demonstrates a correlation between lipid oxidation and algal viability in cells exposed to ozone. In order to elucidate the involvement of lipids as sites of ozone injury, fatty acid composition of the algal cells prior to and following ozone treatment was both examined by conventional methods of TLC and GLC, and assayed for the formation of products which react with TBA.3
MATERIALS AND METHODS
Culture Conditions. The alga was originally identified by R. E. Gross as Chlorella sorokiniana var. pacificensis (11) . Cultures were grown at 27 C under sterile conditions in a 2-liter cylindrical glass tube, using a modified recipe of the basal algal medium described by Shihira and Krauss (18) (substituting 1.0 g/l KNO. for ammonium nitrate and including 0.66 g/l KHOPO, and 0.33 g/l KOHPO,). The culture was kept mixed and aerated by a flow of 5% CO2 in air. Illumination was provided by four 45-cm fluorescent light bulbs (GE 100/white, 20 watt) placed equidistantly around the growth tube. Light intensity measured at the center of the chamber was 1750 ft-c.
Ozone Production. Ozone was generated by UV irradiation of oxygen as described previously (3) . Flow rate from the generator was 350 cc/min for all experiments. Ozone output was determined by spectrophotometric measurement of iodine formation (21) and was approximately 2.6 ymoles of ozone/min delivered into the media.
Cells were treated at room temperature (24 C) with ozone in oxygen or with pure oxygen in a glass cylinder (20 cm high X 3 cm diameter) equipped with a gas inlet at the bottom and outlet at the top, and a serum-stoppered opening for sample extraction. Samples were kept mixed with a stirring bar.
Viability Experiments. Cell counts of liquid cultures were obtained on a Coulter Counter (Model B, Coulter Electronics, Hialeah Fla.). Cells were inoculated into the gassing cylinder to a final concentration of 5 x 10' cells/ml in a total volume of 50 ml of autotrophic medium. Ozone was passed through the system for 2 min prior to inoculation. After inoculation, aliquots of cells were sampled at time intervals for 0 to 25 min of ozone exposure. Samples were diluted into tubes containing 10 ml of a specific "resting" medium (either autotrophic at 25 C or 0 C, organotrophic (glucose) at 25 C, or autotrophic at 25 C in the dark). Room temperature autotrophic medium served as a standard resting medium. After 40 min, the sample was diluted and plated on agar (growth medium with 0.2% glucose plus 1.8% agar) in triplicate. Per cent viability was calculated from S/SO ratios for each sample, where S was the number of sur-vivors (colonies) at some time after inoculation and SO was the initial cell concentration as determined from the zero-time sample.
Thiobarbituric Acid Assay. Analysis of malondialdehyde formation was carried out by the thiobarbituric acid test, according to Heath and Packer (12), using 2 ml of a Chlorella sample (107 cells/ml, higher than for normal viability experiments) taken directly from the gassing unit. The samples were corrected for nonspecific turbidity at 480 nm.
Lipid Extraction. Chloroform, methanol, and acetone (reagent grades) were redistilled before use. The antioxidant, butylated hydroxytoluene, (0.005%; w/v) was added to the organic solutions. Glass-distilled water was used in all preparations.
Lipids were extracted as outlined by Bligh and Dyer (1). Cells were centrifuged for 1 min at 27,000g, washed with water, and suspended in 6 ml of water. The cells were added to hot methanol and boiled for 5 min (final methanol volume, 15 ml). After cooling, 7.5 ml of chloroform were added, after 2 more min, 7.5 ml each of chloroform and water were added. This solution was centrifuged and the two layers were washed separately. The aqueous phase was discarded along with the proteinaceous interface. The chloroform fraction was concentrated to about 0.5 ml using a rotary evaporator. Onedimensional TLC using Silica Gel H was utilized to separate neutral lipid fractions (including Chl and carotenoids) from the remainder of the lipid material (15) . All but the pigment bands (including neutral lipids) were scraped from the plates and washed with 30 ml of chloroform-methanol (2:1; v/v) to remove lipids. The filtrate was concentrated to about 0.5 ml and methylated by the technique of Nichols and Moorhouse (16.) Five milliliters of water were then added and the sample extracted with 15 ml of petroleum ether. Five milliters of 0.5 M NaHCO3 were added to neutralize any remaining acid and the aqueous layer was removed. Sodium sulfate was used to remove residual water. The sample was taken to dryness under nitrogen and resuspended in acetone for GLC.
Gas-Liquid Chromatography. Methylated fatty acid samples, including standards (Sigma Chemical Co.), were chromatographed on a Hewlett-Packard Laboratory chromatograph, Model 700. Stainless steel columns (240 cm X 3 mm) were packed with a liquid phase of 15% diethylene glycol succinate on high performance Chromosorb W (80-100 mesh). The carrier gas was helium and flow rate through both columns was 50 cc/min. Columns were maintained isothermally at 186 C. Fatty acids were detected by flame ionization. Quantitation of fatty acids peaks was accomplished by weighing. 
RESULTS
Algae are killed by ozone in aqueous media, as measured by the ability of treated cells to form colonies on agar plates. As seen in Figure 1 , less than 1 % of the cells are viable after 15 min of exposure. After a short lag (about 5 min) the viability curve is exponential over more than three orders of magnitude. Therefore, the curve can be defined by two criteria-lag time and rate coefficient. The Viability experiments in which malondialdehyde was assayed involved the use of a high concentration of cells and introduction of the ozone at time zero. The relationship between decrease in viable cells and malondialdehyde formation is shown in Figure 2 . As the number of viable cells declined, the amount of this compound increased. The lag times in the appearance of malondialdehyde and in the decline of cell viability appear S I., to be the same. This is further illustrated in an experiment in which the ozone was turned off after 10 min exposure (O, remained on). In this case, both the decline in cell viability and the formation of malondialdehyde ceased simultaneously (Fig. 3) .
To eliminate the possibility that some component of the culture medium (perhaps an extracellular product produced by the algae) reacted with malondialdehyde, cells were centrifuged out of the sample, and the supernatant fraction was treated with ozone and assayed for this compound. None was detected. The only samples in which malondialdehyde was present were cultures treated with ozone and the cell-free supernatant fluid from ozone-treated cultures.
If lipid oxidation products are formed from unsaturated fatty acids, the cellular concentration of these compounds should decrease. The validity of this hypothesis was tested by gas-chromatographic assays. Five major fatty acids can be identified from the GLC pattern and in order of elution are identified as C16:0, C16:3, C18:1, C18:2, and C18:3. Trace amounts of C16:1 and C18:0 also appear. Two other peaks from the chromatography pattern can be tentatively identified as phytol, which arises from Chl during alkaline TLC, and butylated hydroxytoluene, the antioxidant added during lipid extraction.
The results of these experiments are summarized in Table  II 10-16 g cell-' ). This observation supports the contention that negligible cell lysis occurred in ozone-treated cultures. In addition, electron micrographs of ozone-treated cells (60 min, 0.1% survival) revealed little notable cell disruption (Heath, unpublished data) .
In agreement with several published reports on plants (19, 24) , there are no apparent qualitative differences between the lipids of ozone-treated and control algal samples, as determined by two-dimensional TLC.
DISCUSSION
Dugger and Ting (7) have suggested that cellular mechanisms which deal with oxidant damage may exist in plant tissue. The effect of the four specific resting media on viability should have disclosed the presence of possible repair mechanisms in Chlorella. Under conditions unfavorable for repair, fewer cells should have survived ozone treatment. Unfortunately, none of the chosen conditions had any observable effect on algal survival. Either none of the conditions affected these mechanisms or under experimental conditions ozone injury was too extensive and cell death too swift to allow time for repair. The potentially injured populace in effect may have been masked by overkill. Geise and Christensen (9) observed a similar "all-or-none," survival or death event in yeast exposed to high ozone concentrations. The existence of such an injured fraction in a population of cells exposed to ozone was demonstrated by Scott and Lesher (17) who described the occurrence of "excess depleted" cells of E. coli. These were defined as cells which grow on nutrient medium but not on simple glucose-salts medium after ozone treatment.
A repair mechanism for oxidant damage may be better studied using ozone concentrations which would produce only detectable injury but not death. In this regard, it has been reported that the rates of photosynthesis and respiration in Euglena gracilis were modified by treatment with only 1 ,ul/l for 1 hr, but viability of the algae was not reported (5).
The age-susceptibility experiments were designed to determine whether Chlorella sampled at various stages of their growth cycle were differentially sensitive to ozone injury in a manner analogous to that of higher plants (22) . Of the ages of cells tested, only those from younger cultures (lag or early exponential phase) appear to differ from other cells in their sensitivity to ozone, as indicated by their slower rates of kill (Table I) acid changes detected by GLC were comparatively small. The fact that a high percentage of an ozone-treated Chlorella sample was dead at the time lipids were extracted, but that only small fatty acid changes were detectable, indicates that if lipid oxidation is a critical reaction, only about 1% of the total cellular lipid need be oxidized to induce cell death. The major difficulty arises in detecting these small but possibly critical changes.
Though total fatty acid analysis of chloroplasts (14), tobacco leaves (19) , and this work have not revealed major shifts in fatty acid composition, there is still much evidence to implicate lipids as important sites of ozone injury. In vitro lipid studies, and work with artificial membranes and chloroplast systems by Mudd et al. (14) tend to support a theory of an initial lipid oxidation step leading to further ozone injury. In addition, extensive work on the characteristics of the lipid peroxidation process by Tappel (20) as well as studies with red blood cells (10) lend credence to this view of ozone damage. However, another sequence of events, an initial sulfhydryl oxidation leading to lipid oxidation reactions, has been implicated in bean (23) and fungal tissue (24) and appears to function in animal lung tissue as well (6) .
On the basis of work from these and other laboratories, evidence exists for the occurrence of both sulfhydryl and unsaturated fatty acid oxidation as a result of ozone exposure, either one of which might induce permeability changes in membrane (2, 8) . Chronology of these two reactions is obviously an important consideration. In the final analysis, the key to ozone damage may prove to be the relative accessibility of these two reactive groups, sulfhydryls and unsaturated fatty acids, at appropriate cellular sites and investigation into this aspect may be a fruitful approach in determining the cause of ozone injury.
